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ABSTRACT 

Low rank coal has been s o l u b i l i z e d  using c e l l - f r e e  f i l t r a t e s  separated from 
cu l tu res  of PolvDorus ve rs i co lo r .  
f i l t r a t e s  and w i t h  f rac t i ons  co l l ec ted  from the neat f i l t r a t e s  a f t e r  gel  
permeation chromatography. 
enriched f rac t i ons  w i t h  gpc. 
determinat ion o f  the average molecular weight o f  t h i s  enzyme by ge l  permeation 
chromatography and by polyacrylamide gel e lectrophoresis.  Rates o f  coal 
s o l u b i l i z a t i o n  are dependent on the  s ize  o f  coal pa r t i c l es ,  mass o f  coal, 
temperature, pH, concentrat ion o f  the c e l l - f r e e  f i l t r a t e ,  and the concentrat ion o f  
several inorganic ions. 

INTRODUCTION 

The focus o f  exper imentat ion a t  the  beginning o f  t h i s  p r o j e c t  was t o  produce a 
s o l u b i l i z e d  product from coal which had been exposed t o  the  fungus PolvDorus 
vers ico lo r .  I n i t i a l l y ,  PolvDorus was r o u t i n e l y  grown i n  dishes conta in ing  
Sabouraud maltose agar and incubated a t  30'C. 
s o l u b i l i z e d  by adding small p ieces d i r e c t l y  t o  the surface o f  the growing 
mycelium. 
Sabouraud broth.  
separated from the  c u l t u r e  medium by f i l t r a t i o n  and a l i quo ts  o f  t h e  c e l l - f r e e  
bro th  were added t o  samples o f  leonard i te .  
observed ( c e l l - f r e e )  s o l u b i l i z a t i o n  were reported i n  the  open l i t e r a t u r e  (1). 
The research presented here has the  u l t ima te  aim o f  i s o l a t i o n  and p u r i f i c a t i o n  o f  
the  a c t i v e  agent(s) i n  t h e  s o l u b i l i z a t i o n  process, which are present i n  the  neat 
c e l l - f r e e  bro th .  U l t ima te  success does, o f  course, requ i re  a knowledge o f  the  
presence o f  those agents and t h e i r  r e l a t i v e  concentrat ions.  Thus, t h i s  paper 
repo r t s  the  op t im iza t i on  o f  the  cha rac te r i s t i cs  o f  the s o l u b i l i z a t i o n  process, and 
a standard set o f  cond i t ions  f o r  the t e s t i n g  o f  t he  s o l u b i l i z a t i o n  phenomena. 
From t h i s  base, a discussion o f  the  progress towards i s o l a t i o n  and p u r i f i c a t i o n  o f  
the  species involved i n  the  s o l u b i l i z a t i o n  process i s  presented. 

OPTIMIZATION AND STANDARDIZATION OF THE SOLUBILIZATION PROCESS. 

Having i d e n t i f i e d  the  scope o f  t he  s o l u b i l i z a t i o n  process, i t  became necessary t o  
determine an optimal s e t  o f  condi t ions f o r  the study o f  the process i t s e l f .  A 
standard set o f  cond i t ions  i s  necessary i n  order t o  develop an assay f o r  the  
s o l u b i l i z a t i o n  a b i l i t y  o f  the  broth,  w i t h  some f o r m  o f  assay being requ i red  i n  
order t o  compare the a c t i v i t y  o f  var ious samples o f  b ro th  w i t h  each other.  This 
se t  of  cond i t ions  i s  a l s o  necessary t o  be able t o  sys temat ica l l y  avoid any 

An i n i t i a l  ser ies  o f  t e s t s  showed t h a t  some i o n i c  s t rength  i n  the  s o l u b i l i z a t i o n  
medium was he lp fu l  i n  improving the s o l u b i l i z a t i o n  ac t ion  o f  the Po lworus  broth. 
While n i t r a t e ,  perchlorate,  and acetate showed l i t t l e  e f f e c t  a t  pH = 5.5 (even 

S o l u b i l i z a t i o n  has been obtained w i t h  neat 

The coal s o l u b i l i z i n g  enzymes have been co l l ec ted  i n  
Th is  increased r e l a t i v e  p u r i t y  has allowed the  

Leonardite was r o u t i n e l y  

I n  a second stage, PolvDorus was grown i n  a l i q u i d  medium cons is t ing  o f  
A f t e r  a su i tab le  per iod  o f  fungal growth, the hyphae were 

The general cha rac te r i s t i cs  of  the  

. i n h i b i t o r s  o f  the  process. 
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though acetate has buffering capacity at this pH), the presence of phosphate 

coal. 
bases to coordinate ferric ion, especially phosphate. 

salts) was established. 

Using this medium, it was determined that the broth did not simply act as a 
catalyst for coal dissolution, but that the broth had a capacity, and that this 
capacity could be measured (Figure 2). 
procedure for the solubilization ability of the broth. 
the broth was not being limited by its inherent capacity, and the fact that the 
constant medium being used and the constancy of the procedures was dramatically 
reducing the scatter in the data which was being obtained, it was possible to 
obtain a solubilization yield of the broth for the first time. This was 
accomplished by comparing the lyophilized bioextract from the agar plates against 
the liquid culture solubilizations. A 70% yield of coal solubilization was 
obtained, and that particular batch of broth had a capacity of 0.32mg/mL at 
pH = 5.5. 
1.5mg/mL. 

In a parallel investigation, an increasing amount of the broth was added to a 
fixed amount of coal. Figure 3 shows that the absorbance of solubilized coal is a 
tunction o t  the concentration o t  broth at low broth concentrations, and becomes 
independent of the amount of broth at higher concentrations. It should be noted 
that undissolved particles were present in all the test mixtures. This supports 
the concept of enzyme capacity discussed above. 

The pH effect mentioned above prompted the generation of a pH profile (Figure 4 ) .  
The maximum effect appears between pH = 5.3 and pH = 5.5. 
note that the activity does not rapidly fall to zero as pH decreases, but appears 
to fall to zero as pH increases by one unit. This rapid drop at higher pH i s  at 
least partially due to the much higher background of solubilization by the buffer 
at higher pH values. 

In an attempt to understand the nature of the active agent in the broth, and, 
thus, to better be able to handle the system, ascorbic acid (a reducing agent) was 
added to inactivate any oxidative enzymes which might be present in the broth. 
The addition of ascorbic acid decreased the effectiveness of the broth by 90%, 
while the addition of oxygen after the ascorbic acid (to oxidize the ascorbic acid 
and show that the oxidized ascorbate was not responsible for the inactivity of the 
broth) restored the activity. 
slight increase in the activity of the broth. 

A temperature profile of the rate of solubilization activity was developed. 
Figure 5 shows a steady increase of the rate of cell-free solubilization with 
increasing temperature until 60°C after which the rate of solubilization turns up 
very quickly. 
dimensional property of the agent must not be important in solubilization. 
Another critical point in the analysis is the presence of cations which are poor 
Lewis acids (i.e. cations which tend to be "soft" and basic in solution). 
noticed early in 1987 that virtually all the iron which the coal contained was 
brought into the solution phase during the solubilization process. When various 
eluents were being used in the HPLC separation of the broth, it was noticed that 
the presence of added Fe(II1) as well as cations such as ammonium ion and 

I (Figure 1) and, to some degree, chloride, did influence the solubilization of 

standardized buffering system of 0.050M phosphate and 0.050tj acetate (all sodium 

The explanation at the time centered around the ability of these latter two 
I From this work, a 
, 

This was the first standardization 
Knowing that the action of 

At pH = 5,25, the yield was only 32% but the capacity was above 

It is interesting to 

The addition of oxygen to the broth alone showed a 

The active agent for solubilization must be very rugged, and any 3- 

It was 
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tetraethylammonium i o n  i n h i b i t e d  the  s o l u b i l i z a t i o n  process. 
nuisance has become a p o t e n t i a l  ana ly t i ca l  probe f o r  t he  a c t i v i t y  o f  t he  broth.  
I n  Figure 6, t h e  i n t e r s e c t i o n  o f  t he  negat ive slope and the  ho r i zon ta l  basel ine 
i s  a d i r e c t  f unc t i on  of the concentrat ion o f  a c t i v e  agent, s ince the  i r o n  content 
eventua l l y  stops the  s o l u b i l i z a t i o n  process. Thus, f o r  t h e  same coal sample and 
time o f  contact, the  s lope o f  t he  absorbance vs. Fe(II1) l i n e  should remain 
constant as the  x -ax is  i n t e r c e p t  changes t o  r e f l e c t  the  a c t i v i t y  o f  t he  p a r t i c u l a r  
enzyme sample. 

Furthermore, t he  a c t i v e  agent has a very strong b ind ing  constant toward i ron ,  
which presents i t s e l f  as an i r r e v e r s i b l e  process i n  the  simple sense. This i s  
seen when EDTA i s  added t o  a sample o f  coal, broth,  and excess i ron .  
i s  added t o  the  b ro th  be fore  the  EDTA, the  bro th  i s  i n h i b i t e d  under cond i t ions  
where the EDTA i s  able t o  coordinate a l l  the  i ron .  If the  EDTA i s  added before 
the  broth,  i t  coordinates t o  the  i r o n  and the  s o l u b i l i z a t i o n  continues normally. 
Not a l l  cat ions ac t  i n  t h e  same manner as Fe( I I1 ) .  Figure 7 shows the  e f f e c t  o f  
the  add i t i on  o f  ammonium ions  on the  s o l u b i l i z a t i o n  process. 
Figure, the concentrat ion o f  NHqt needed f o r  a l o s s  o f  enzyme a c t i v i t y  equivalent 
t o  t h a t  seen i n  the F e ( I I 1 )  system i s  much greater.  The f a r  g rea ter  e f fec t i veness  
o f  Fe(II1) i n  i n h i b i t i n g  the  s o l u b i l i z a t i o n  process imp l ies  t h a t  the  b ind ing  
constant o f  ammonium ion  w i t h  the  ac t i ve  enzyme i s  c l e a r l y  much lower than t h a t  
w i t h  Fe( I I1 ) .  
the s o l u b i l i z a t i o n  process, although i t  i s  s i g n i f i c a n t l y  decreased. 

ISOLATION OF THE ACTIVE AGENT(S) IN THE SOLUBILIZATION PROCESS. 

With a set o f  standard a n a l y t i c a l  procedures i n  place, t he  process o f  separat ing 
the ac t i ve  agent(s) from the  bro th  was begun. 

Using a C 8 column w i t h  t h e  standard phosphate/acetate b u f f e r  as eluent,  two o f  
t he  n ine  aiscernable peaks i n  t h e  chromatogram showed a c t i v i t y  toward coal  (Figure 
8). I n  order t o  f u r t h e r  reso lve  these peaks, the eluent p o l a r i t y  was va r ied  from 
t h a t  o f  methanol t o  5% (w/w) NaC1. Resolution increased w i t h  p o l a r i t y ,  bu t  the  
peaks o f  i n t e r e s t  always p a r t i a l l y  overlapped the void volume. 
separation technique was necessary. Even so, gel  e lec t rophores is  separations on 
the  bro th  produced pa t te rns  o f  p ro te in  which mi r ro red  those o f  t he  C 8 
chromatography, i n d i c a t i n g  t h a t  the  number o f  l a r g e  molecules from w i i c h  a 
separat ion had t o  be e f fec ted  was not enormous. 

Anion exchange i n i t i a l l y  showed some po ten t i a l .  
apparently have weak bases which have pKa’s i n  the  pH = 5.5 region, s ince  the  
placement of peaks coming o f f  t he  anion column was q u i t e  sens i t i ve  t o  pH and [ C l - ]  
i n  t h i s  pH region. The work c a r e f u l l y  l e d  t o  ever f u r t h e r  ref inements o f  
procedure from step grad ien ts  t o  gradient e l u t i o n  through var ious concentrat ions 
o f  C 1 -  and Ht. 

The d i f f i c u l t y  w i t h  a l l  these methods i s  the high [ C l - ]  which was p a r t  o f  the  
anion-exchange process. 
use i n  removing the C1- are not ava i l ab le  t o  the  work because o f  the  i n h i b i t i o n  o f  
the system, the  method o f  separation turned t o  exclusion chromatography. 
ana ly t i ca l  gel  permeation column (Waters Protein-Pak 125) ,  t h e  a c t i v e  s o l u b i l i z i n g  
agent can be i s o l a t e d  t o  a s i n g l e  f r a c t i o n  o f  the  chromatogram (Figure 9). A 
s i m i l a r  pa t te rn  of separat ion can be accomplished on a p repara t ive  gpc column 
(Sephadex, 6-25-150) as shown i n  Figure 10. 

Th is  i n i t i a l  

I f  the  i r o n  

As seen i n  the  

Even a t  0.51, the  ammonium ion  presence has no t  t o t a l l y  i n h i b i t e d  

Thus, another 

The compound(s) o f  i n t e r e s t  

Since coord ina t ing  agents which might o r d i n a r i l y  be o f  

With an 
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I n  order t o  determine the molecular weight o f  the  ac t i ve  f rac t i on ,  the  
ana ly t i ca lgpc  column was used w i th  s i x  compounds o f  known molecular weight. 
ac t i ve  f r a c t i o n  e lu ted  from the column i n  an e l u t i o n  volume o f  11.9 mL (F igure  
11). This corresponds t o  an average molecular weight o f  25,000 Daltons. 

The 

FUTURE EXPERIMENTATION 

Experiments aimed a t  p u r i f i c a t i o n  o f  the pro te ins  responsible f o r  s o l u b i l i z a t i o n  
o f  coal  w i l l  be continued, w i t h  the goal o f  the  fo rmula t ion  o f  a la rge-sca le  
process o f  enzyme separation. 
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Figure 1. 
solubilization of leonardite coal. 

Effect o f  phosphate concentration on cell-free 
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Figure 2. 
amount o f  cell-free filtrate on extent of solubilization 
of leonardite. 

Effect of mass of coal added to a constant 
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Figure 3 .  
filtrate added to a constant amount of leonardite on 

tttect of various amounts of cel.1-free 
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Figure 4. 
filtrate separated from the SMB in which PolvDorus had 
grown. 

Effect o f  pH on activity of the cell-free 
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Figure 5. 
solubilization o f  leonardite coal. 

Effect o f  temperature on the rate o f  cell-free 
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Figure 6. 
leonardite coal by addition of Fe(II1) to the filtrates. 
The inhibition can be reversed by mixing EDTA with the 
Fe(1II) before addition o f  the iron solution to the 
fi 1 trates. 

Inhibition o f  cell-free solubilization o f  
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Figure 9. 
on a gel permeation column. The leonardite-degrading 
activity has been separated into a single fraction. 

Fractionation of the neat cell-free filtrate 
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Figure 10. Separation o f  the coal solubilizing enzyme on 
a preparative column (1.5 cm X 25 cm) packed with 
Sephadex 6-25-150 resin. 
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Figure 11. 
solubilizing enzyme. 

Molecular weight determination o f  the coal- 
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